This paper discusses an investigation of mining-induced elastic deformation of a cut rock slope formed in a mountain-type mine using a two-dimensional finite element method. The horizontal elastic deformation mechanism is discussed, including the effects of the Poisson's ratio, slope angle and progression of the excavation. The results show a clear dependence of the deformation modes characterized by extension, contraction or shear distortion of rock mass, on these three effects, in which the direction of rock movement at the surface due to excavation was opposite. Four effects contribute to the deformation mechanism in mountain-type mines: the Poisson effect (PE), the distributed load effect (DLE), bending effects and shear distortion. Forward surface displacement of the cut rock slope was found to occur during the early stages of excavation due to the release of horizontal compressive stresses due to bending effects around the middle of the mountaintop. As the excavation progresses, forward or backward horizontal surface displacement was found to occur due to PE or DLE, respectively, which depends on the Poisson's ratio in the subsequent stages of excavation. Asymmetric stress release due to excavation affects the horizontal deformation of the mountain, and induces a moment enhancing the backward displacement due to shear distortion. It should be noted that the direction of the surface displacement of the rock slope could change from forward to backward as the excavation progresses, even though the rock slope may be stable. This is very important in the interpretation of surface displacement monitoring using the Automated Polar System and/or Global Positioning System. In the interpretation of the internal displacement measured using extensometers, we should consider extension during the early stages of excavation, followed by slight contraction during the latter stages, as a sign of a stable cut rock slope in a mountain type mine.
Introduction
Stability assessment is an important issue for rock slopes. Instability of rock slopes may result in slope failure, causing not only loss of production 1, 2) but also unexpected expense for rehabilitation.
2) Furthermore, fatal accidents may occur due to rock slope failure, making slope monitoring critically important in open-pit mining. The stability of rock slopes has been assessed using limit equilibrium analysis, 111) numerical analyses 2, 1121) and field measurements. 2, 1518) Recently, the automated polar system (APS) and the global positioning system (GPS) 16, 22, 23) were implemented to measure regional displacements. Extensometers have been installed in rock slopes to measure the internal displacement, 15, 16, 2429) and based on these measurements, the deformation behavior of cut rock slopes in open-pit mines has been investigated. Displacement of a natural slope is usually caused by inelastic deformation; however, a cut rock slope in an open-pit mine may often result in inelastic deformation as well as elastic deformation due to excavation. 15, 16) For this reason, decomposing the measured displacement into elastic and inelastic components is necessary for a stability assessment.
A number of studies have been carried out to investigate the inelastic deformation of rock slopes. In particular, numerical discontinuum techniques have become increasingly popular in the investigation of the influence of joints in complex rock slope deformation; 14) however, these techniques have inherent limitations because failure is frequently either preceded or followed by creep deformation or extensive internal fracturing. It follows that the identification of discontinuities is complex, and Stead et al. suggested the use of a combination of limit equilibrium analysis and numerical modeling techniques to maximize the advantages of both. 14) Corkum and Martin 19) simulated the displacement of rock blocks and a toe-berm using the discrete element method (DEM). They reported that the simulated displacement of the blocks and the berm were in good agreement with the observed displacement. However, they noted that detailed information on the location of each discontinuity is required for the DEM analysis. It appears that it is not straightforward to identify such a distribution of discontinuities. Xu et al. 29) assessed the long-term stability of a rock slope in the Three Gorges Dam Project, China, using a two-dimensional (2D) viscoelastic analysis, and showed analytically that the vertical and horizontal displacement of the slopes was in good agreement with observed displacements; however, there were non-negligible differences between the results of the calculations and the observations. They attributed these differences to difficulties in modeling the ground water, disturbances due to blasting, and shotcrete support. Stability assessment based on inelastic analysis is therefore useful, but also difficult, because the fracture process of rock masses is complex, and the choice of parameters for an inelastic analysis is not straightforward. Furthermore, the development of simple assessment process is desirable from an engineering point of view. Recently, the elastic deformation of a rock slope due to excavation in open-pit mines has been investigated, and a method of stability assessment for the rock slopes based on the combination of elastic analysis and field measurement was proposed. 15, 16) Kaneko et al. 15) investigated the effects of the initial stress on the deformation mode of a rock slope using a 2D elastic analysis. They found that the rock slope contracted when the ratios of horizontal to vertical initial stress are smaller, but extended when the ratios are larger. They calculated the lateral stress ratio around the Ikura limestone quarry, Japan, using an analysis based on measurements using extensometers. They concluded that the rock slope of the Ikura limestone quarry was stable because the measured results could be interpreted as elastic deformation. Kodama et al. 16) investigated the causes of long-term deformation of a rock slope observed at the Ikura limestone quarry using a three-dimensional (3D) elastic analysis with various Poisson's ratios. They found that the rock slope tended to extend following excavation with a large Poisson's ratio, but to contract with a smaller Poisson's ratio. They predicted the elastic deformation of a rock slope using the Young's modulus and Poisson's ratio by back analysis, and concluded that the long-term deformation observed over more than 7 years can be interpreted as elastic deformation due to excavation at the working face, which was 400 m horizontally away from the toe of the rock slope.
The above results indicate that the combination of elastic analysis and field measurements is a powerful tool in the stability assessment of rock slopes. Once the elastic deformation of rock slopes has been calculated, inelastic deformation can then be inferred from a comparison between the measured data and the calculated elastic deformation. 15) The results 15, 16) show that effect of the lateral stress ratio or Poisson's ratio on rock slope deformation should be investigated as part of a stability assessment. In these previous studies, 15, 16) the deformation of cut rock slopes formed in "pit-type" mines ( Fig. 1(a) ) was investigated. The deformation of cut rock slopes formed in "mountain-type" mines; however, ( Fig. 1(b) ) has not been investigated in any detail. Mountain-type limestone mines include Bukoh 30) and Torigatayama 31) in Japan. The expected slope height in these mines at the time of closure will be more than 500 m. Therefore, an understanding of the deformation mode and the mechanisms of elastic deformation of the rock slopes in mountain-type mines is important.
The main purpose of this study is to investigate the elastic deformation of cut rock slopes formed in mountain-type mines using 2-D finite element method (FEM). Deformation of rock mass due to excavation is caused by the release of an initial stress that results from gravitational forces. Therefore, it can be expected that deformation due to excavation will be significantly affected by the deformation of the mountain due to gravity. The deformation of the mountain due to gravity and excavation was analyzed with various Poisson's ratios to investigate the fundamental deformation mechanisms. The characteristics of deformation of a cut rock slope formed by excavation in a mountain-type mine were investigated, and the deformation mechanism of the rock slope is discussed in terms of the Poisson's ratio, the slope angle and the progression of the excavation. Several suggestions for stability assessment of cut rock slopes in mountain-type mines are given. Figure 2 shows diagrams that illustrate the analytical model of mountain-type mine. The target slope angles of the mountain were 90°and 45°. The slope angle of 90°was chosen because the deformation mode is easier to understand. The rock mass was assumed to be a homogeneous, isotropic elastic body with a Young's modulus of E = 1 GPa and a unit weight of 27 kN/m 3 . The Poisson's ratio was varied through = 0.1, 0.2, 0.3 and 0.4, because the deformation modes (i.e., extension, contraction or shear distortion) of rock mass depend on the Poisson's ratio. 16, 31, 32) The nodal displacements perpendicular to the right, left and the bottom surfaces of the model were fixed at zero. Nodal forces due to gravity were applied to the entire model in the vertical direction to generate the initial stress field. All analyses were carried out under planestrain conditions using threenode triangular elements. For example, the total number of elements in the 45°model was 170,713, and there were 86,028 nodes. Here, only the horizontal displacement is discussed because the magnitude of vertical displacement was strongly dependent on the vertical dimensions of the analytical model.
Displacement and Deformation of a Mountain due to Gravity

Analytical method
17)
Analytical results and discussion
The horizontal displacement is shown in Fig. 3 , in which only the left side of the model is shown because of the geometrical symmetry. For a slope angle of 90°, extension can be observed for larger¯, and contraction for smaller¯. If horizontal deformation is caused by the Poisson effect (PE) only, we may expect only horizontal extension. To investigate PE quantitatively, horizontal displacement was analyzed using a symmetric model shown by the block rectangle in Fig. 4 , in which only the left side of the model is shown because of its geometrical symmetry. Gravity force was applied to the model under a boundary condition in which vertical displacement in the basal plane was fixed at zero. In this analysis, no constraint was made on the horizontal displacement. Figure 4 presents the analytical results at Poisson's ratios of 0.1, 0.2, 0.3 and 0.4. The horizontal displacements are normalized by slope height h. Horizontal extension can be observed from the top to the foot of the model, and the magnitude of extension tends to increases approaching the foot. These results were found regardless of , although the magnitude of the extension depends on the Poisson's ratio. However, the analytical results shown in Fig. 3 differ from those in Fig. 4 , suggesting that other mechanisms should be considered in the interpretation. Note that Fig. 3 shows relatively inward displacement around the toe of the mountain part. This horizontal displacement of the loaded region was induced because, by regarding the overburden due to the self-weight as a distributed load, and the ground under the mountain as a semi-infinite medium, horizontal movement of the internal ground surface is expected. The exact solution was obtained due to deformation from a distributed load applied normal to the lower surface throughout an isotropic, homogeneous and elastic semi-infinite medium. 33, 34) The amount of horizontal surface displacement at a point S inside the loaded region (see Fig. 5 ) can be calculated with the following eq. (1) 33)
where u x is the horizontal displacement at the point S on the ground surface,¯is Poisson's ratio, E is Young's modulus, p is the distributed load, acting normally on the elastic semiinfinite medium, and x is the distance from the center of the loaded region. Equation (1) shows that ground under the mountain part in Fig. 2 (a) can be displaced in an inward direction by the distributed load effect (DLE).
To clarify the contribution of PE and DLE to deformation of the mountain part, Fig. 6 plots each horizontal displacement at the toe of the rock slope due to PE and DLE is plotted as well as summation of both displacements. The displacement due to PE is estimated by the displacement at the toe in Fig. 4 and normalized by Young's modulus (E), overburden (£h), and slope height (h). The displacement due to DLE is estimated by substituting x = a into eq. (1). The displacement due to PE is only shown for 0.00.4 because analytical results at a Poisson's ratio of more than 0.4 are unreliable due to locking effects in the FEM approximation of elasticity problems. 35) Positive and negative signs indicate contraction and extension, respectively.
It can be seen that extension due to PE increases but contraction due to DLE decreases with an increased Poisson's ratio. Summation of the normalized displacements due to PE and DLE reveals contraction at Poisson's ratio < approximately 0.3 because the contribution of DLE is greater. In contrast, summation of the displacements reveals extension at Poisson's ratio > approximately 0.3 because the contribution of PE is greater. The effect of Poisson's ratio on summation of the displacement was found to be in good agreement with the displacement at the toe in Fig. 3(a) .
From above results, horizontal deformation shown in Fig. 3(a) can be interpreted as the superposition of horizontal extension due to the PE and contraction due to the DLE. Horizontal contracted deformation was observed with a smaller¯since the PE is less significant and the DLE is the 5 Schematic illustration of horizontal displacement due to distributed load effect (DLE). p is a distributed load acting normally on the elastic semi-infinite medium, u x is horizontal displacement of a point S on the ground surface, a is half length of the loaded region (Modified from Johnson, 1985) . dominant effect; with a larger¯, however, horizontal extended deformation was observed because the PE is more significant than the DLE.
With a slope angle of 45°, the characteristics of the horizontal deformation were similar to that with a slope angle of 90°, with extension with a larger¯and contraction with a smaller¯. In addition to the competing effects of the PE and DLE, the mountain can also bend due to gravity, as shown in Fig. 7 , because the downward displacement due to the selfweight increases toward the center of the mountain. This results in bending near the top of the mountain with a slope angle of 45°, and is less significant with a slope angle of 90°. To investigate this effect (hereafter, termed the bending effect), the distributions of horizontal strain (¾ xx ) and stress (· xx ), as shown in Figs. 8 and 9 , respectively, in the mountain at heights greater than h/4, where h is the height of the mountain, were studied for slope angles of 45°and 90°, and with Poisson's ratios of¯= 0.1 and¯= 0.4. The results for ¾ xx and · xx in the mountain at heights less than h/4 are not shown because displaying the concentrations of ¾ xx and · xx around the toe of the slope results blurs the characteristics that are particular to the bending effect at the mountaintop. As is evident from the comparison between the distributions of ¾ xx and · xx , with a slope angle of 45°, more contracted deformation occurs at the center of the mountain near the top, resulting in more horizontal compressive stress than in the surrounding parts; furthermore, these contracted deformation and compression were greater with a smaller¯. With a slope angle of 90°, the contracted deformation was less significant at the center of the mountain near the top resulting in less horizontal compressive stress due to the bending effect. These results show that horizontal deformation in mountaintype mines increases with decreasing slope angles, which indicates that bending effects result in compressive deformation near the top of the mountain due to the effects of gravity.
Total Excavation Model
Analytical method
Deformation due to excavation with height h (hereafter referred to as total excavation) was analyzed to understand the deformation of a cut rock slope formed by partial excavation of a mountain-type mine (hereafter, partial excavation) although a rock slope was not formed in the total excavation. The initial configuration of the total excavation model is same as shown in Fig. 2; i.e., the height of the mountain is h, and the excavation proceeded in 20 steps from the top to the bottom, with an excavation depth per step of h/20. The deformation due to excavation was calculated by applying the nodal forces f ex , equivalent to the release of both the initial stress and self-weight of the excavating region; 36) i.e.,
where B is the straindisplacement matrix, 36) · o is the initial stress due to gravity, V is the excavated volume, N is a matrix determined by shape functions and £ is the unit weight of the rock mass. The Young's modulus of excavated the elements was set to zero.
Analytical results and discussion
The horizontal surface displacement of the rock slope due to total excavation with slope angles of 90°and 45°is shown in Figs. 10 and 11, respectively. Figures 10(a) and 10(b) show results when the depth of the excavation from the initial mountaintop was h/4 and 3h/4 due to the excavation, respectively. Backward displacement of the slope can be observed with¯= 0.3 and¯= 0.4 with a slope angle 90°. With¯= 0.1, forward displacement was observed from the foot to the top of the slope when the depth of the excavation from the initial mountaintop was 3h/4 ( Fig. 11(b) ). It follows that the 90°slope contracts with a larger¯following excavation, and elongates with a smaller¯.
As discussed in section 2.2, the deformation due to PE increases with increasing¯(see PE in Fig. 6 ), and that due to DLE decreases with increasing¯(see DLE in Fig. 6 ). The deformation that results from PE and DLE is released by excavation. With a larger¯, we observe contraction because the PE was greater than DLE; with a smaller¯, extension is seen since DLE was greater.
The direction of horizontal displacement for the 45°slope was similar to that for the 90°slope. When the depth of the excavation from the initial mountaintop was 3h/4, forward displacement occurred with a smaller¯; however, backward Estimated horizontal displacements due to PE and DLE, and summation of both displacements. The displacement due to PE is normalized by Young's modulus (E), overburden (£h), and height of the mountain (h). The displacement due to DLE is normalized by Young's modulus (E), distributed load (p), and half the length of the loaded region (a). displacement occurred with a larger¯, as shown in Fig. 11(b) . It follows that the PE and DLE are the dominant mechanisms in the 45°slope. In addition, bending effects became less significant as the depth of the excavation from the initial mountaintop increased due to excavation.
Partial Excavation Model
The internal displacement of rock slopes is useful as it can be measured using extensometers.
In this section, we analyze the internal horizontal displacement of a cut rock slope formed by partial excavation of a mountain-type mine, as well as the surface displacement.
Analytical method
Partial excavation of the left-hand side of the mountain from the top to bottom was modeled, as shown in Fig. 12 . The initial configuration of the models was the same as the (a) (b) Fig. 11 The surface displacement of the mountain due to total excavation with a slope angle of 45°. The horizontal displacement normalized by h is shown magnified by a factor of 300. Only the left half is shown. Only the left half is shown. The depth of the excavation from the initial mountaintop was (a) h/4 (1st to 5th excavation steps) and (b) 3h/4 (15th to 20th excavation steps). models shown in Fig. 2 . The width of the excavation with a cut rock slope angle of 90°was 2h, and that with cut rock slope angle of 45°was h. The excavation was successively completed in 20 steps with an excavated depth per step of h/20. The angles of the mountain slope and cut rock slope were assumed to be identical, and are simply denoted as the slope angle. The displacement due to the excavation was calculated by applying the nodal forces in the same manner as for the total excavation model; i.e., using eq. (2). Figure 13 shows the horizontal surface displacement of the rock slope in the partial excavation model with slope angle of 90°. Figures 13(a) and 13(b) show results for an excavated depth of h/4 and h from the initial mountaintop (i.e., the 5th and 20th excavation steps), respectively. Up to the fifth step of excavation (see Fig. 13(a) ), the cut rock slope formed by the excavation exhibited backward displacement with all four Poisson's ratios. Thereafter, up to the 20th (final) step of the excavation, the cut rock slope exhibited forward displacement for¯= 0.4, and exhibited backward displacement for = 0.1 (see Fig. 13(b) ). These results clearly show that the horizontal deformation of the cut rock slope with the partial excavation model depended on both the Poisson's ratio and the stage of excavation. The stress release due to excavation was asymmetric because only the left part was excavated. As a consequence, the mountain became distorted, with clockwise shear distortion due to the asymmetric stress release moment, as shown in Fig. 14(a) . In addition, the part of the mountain in the Region A shown in Fig. 14(b) can act as distributed load over the Region B which is the whole part of the mountain under Region A; hence, backward displacement at the toe of Region A resulting from DLE increased with decreasing¯(see DLE in Fig. 6 ). In contrast, a smaller backward displacement occurred with a larger¯because horizontal stress release led to forward displacement in Region A. Via excavation, the DLE and the clockwise shear distortion were dominant, resulting in a larger rightward displacement with a smaller¯(see Fig. 13(b) ). With a larger , however, the release of horizontal stress resulting from the reduction in the constraint at the toe of slope due to excavation becomes dominant, resulting in a larger forward displacement (see Fig. 13(b) ). This can be considered as the PE in the partial excavation. Figure 15 shows the horizontal displacement of the surface of the rock slope with slope angle 45°when the depth of the excavation was h/4, h/2, 3h/4, and h. It can be seen that the cut rock slope formed by the first to fifth steps of the excavation was displaced forward because of the excavation regardless of¯, although some backward movement can be seen at the toe of the slope (see Fig. 15(a) ). The displacement was similar for an excavation depth of h/2 (see Fig. 15(b) ). When the excavation depth increased to 3h/4 and h by further excavation, the displacement direction of the rock slope changed to backward (see Figs. 15(c) and 15(d)) for 0.1¯¯¯0.3, whereas forward displacement was still observed with¯= 0.4.
Surface displacement and deformation
The direction of the horizontal surface displacement in the early stages of the excavation with the 45°slope (see Fig. 15(a) ) was in the opposite direction to that for the 90°m odel (see Fig. 13(a) ). This can be explained by considering the horizontal stress. As discussed in section 2, the concentration of the compressive stress around the center of the top of the mountain due to bending effect was dominant with the 45°model, and the magnitude of this stress was smaller with a larger Poisson's ratio. The horizontal extension can be explained by the release of large horizontal stress, which is less significant in the 90°model. The bending effect may be the dominant mechanism in the early stages of excavation, which are conducted near the mountaintop, although the aforementioned clockwise shear distortion and either PE or DLE also contribute to the deformation of the slope. The DLE resulted in backward displacement near the toe of the slope in the later stages of excavation. The PE resulted in forward displacement.
Internal displacement and deformation
The horizontal displacement along the lines H1 and H2 shown in Fig. 16 was analyzed to investigate the internal displacement of the cut rock slope. The heights of the lines H1 and H2 were h/2 and h, respectively, and the lengths of the two lines were h and 2h, respectively. The displacement relative to the points A and B was calculated along the lines H1 and H2. This is normalized to the slope height, h. A positive relative displacement corresponds to displacement of the target point away from the reference point, as shown by the bold arrows in Fig. 16 . In other words, a positive sign corresponds to extension between the target point and the reference point.
The distribution of the normalized horizontal relative displacement along the lines H1 and H2 is shown in Figs. 17  and 18, respectively. Figures 17(a)(d) and 18(a)(d) corre- spond to a Poisson's ratio of 0.10.4. The relative displacement increased toward the inside of the cut rock slope, although a slight decrease was also found during the latter stages of excavation in the deep part. The gradient of the displacement with respect to the reference point was positive and larger closer to the surface of the slope. It follows that the slope exhibited extension due to excavation, and the extension became larger closer to the surface of the slope. The relative displacement decreased with increasing Poisson's ratio; however, a significant difference could not be found between the characteristics of the relative displacement along the lines H1 and H2 with different Poisson's ratios. Figure 19 shows the normalized relative horizontal displacement along the lines H1 and H2 at depths of h/4, h/2 and h from the surface, as a function of the excavation depth of 0 to h and h/2 to h, respectively. Figure 19 (a)(d) correspond to Poisson's ratios of 0.10.4. The relative displacement along the line H2 was calculated from the 11th excavation step, whereby the excavation depth goes just below h/2. An apparent extension was observed in the displacement along the line H1 during the earlier stages of excavation. The rate of increase in the extension deformation decreased as the excavation progressed. Slight contraction was observed as excavation progressed from h/4 to h/2. This behavior was observed for all three depths at all four Poisson's ratios, and the magnitude of the extension depended on the Poisson's ratio.
The trends in the relative displacement along the line H2 were similar to those along the line H1 (see Fig. 19 ). Apparent extension was observed in the earlier excavation stages followed by slight contraction deformation at all three depths when the excavation depth approached 3h/4.
The rock slope in a pit-type mine exhibits contraction with a small Poisson's ratio, and extension with a large Poisson's ratio. 16) We may therefore conclude that the deformation mode of a rock slope in a mountain-type mine differs significantly from that in a pit-type mine because the predominant deformation mode in the mountain-type mine is extension regardless of the Poisson's ratio. 
Proposals for monitoring rock slopes
Based on the analytical results described in sections 4.2 and 4.3, we may make several suggestions for monitoring rock slopes using GPS, APS and/or extensometers. The rock slope formed by excavation showed horizontal extension, although the surface of the rock slope was displaced forward during the early stages of excavation and then backward during the later stages of excavation. It is expected that extension will also result from inelastic deformation, such as sliding along a discontinuity or plastic deformation; however, these analytical results mean that the horizontal extension of a rock slope in a mountain-type mine is not always a warning sign of instabilities, as long as the rock slope surface is displaced backward. Changes in the surface displacement direction from backward to forward, however, might be a sign of unstable deformation. This suggests that measurement of the horizontal surface displacement using APS and/or GPS is important in stability assessment of rock slopes in mountain-type mines.
We find that the magnitude of horizontal extension due to excavation was greatest at the surface of the cut rock slope, and decreased with increasing depth from the surface (see Figs. 17 and 18 ). We also find that the horizontal extension increased rapidly during the early stages of excavation (see Fig. 19 ), but that further increases in the extension were not observed in the latter stages of excavation. This has important consequences in the monitoring of rock slopes using extensometers; i.e., neither larger extension deformation deeper in rock slope than at a shallow part, nor a rate of increase in the extension that does not slow as the excavation progresses, appear to result from elastic deformation of the slope. Such behavior is therefore expected to be indicative of inelastic deformation; i.e., an unstable state. The above results also suggest that elastic deformation can be monitored using a relatively short extensometer. Although longer extensometers are useful for obtaining detailed information relating to the deformation of cut rock slopes, this may not be efficient from an economic point of view; however, little difference in the trends of the relative displacement due to excavation was observed as the excavation progressed through the results at the depths of h/4, h/2 and h (see Fig. 19 ). It follows that an extensometer with a length of h/4 is sufficient for use in monitoring elastic deformation.
The above results also indicate that measurement using additional extensometers at lower levels of the rock slope is an effective method because the sensitivity of the extensometer decreases as the excavation progresses. Inelastic deformation may be detected by comparing measurement results obtained using extensometers installed at different heights with simulation results for elastic deformation. Based on the above discussion, we may conclude that the combination of monitoring the internal displacement using extensometers and the surface displacement using APS and/ or GPS is powerful tool for stability assessment of cut rock slopes in mountain-type mines. (a) (b) (c) (d) Fig. 19 The change in the horizontal relative displacement along the lines H1 and H2 at depths of h/4, h/2 and h as a function of the excavation progress.
Conclusions
The elastic deformation of a cut rock slope formed in a mountain-type mine was investigated using 2D FEM analyses. The behavior of the slope was studied with various Poisson's ratios in the range of 0.10.4, and for slope angles of 45°and 90°, with a progressive excavation.
Through a basic analysis of horizontal deformations of the mountain due to both gravity and excavation of the whole mountain, it was found that the effect of the Poisson's ratio can be further decomposed into two mechanisms: the well-known Poisson's effect (PE), which enhances the horizontal extension of the mountain and dominates at larger Poisson's ratios, and the distributed load effect (DLE), which induces horizontal contraction at the boundary between the mountain and constrained surface beneath, and dominates at smaller Poisson's ratios. We also find that a decrease in the slope angle enhances the bending of the mountain, and intense horizontal compression near the middle of mountaintop occurred. This "bending effect" dominates at smaller Poisson's ratios.
We analyzed the horizontal surface displacement of a cut rock slope formed by excavation using a model with the face of the excavation inclined at 45°. We find that forward surface displacement of the cut rock slope occurred during the early stages of excavation by the release of horizontal compressive stress due to bending around the center of the mountaintop. Either horizontal forward surface displacement due to the PE or backward displacement due to DLE occurred during the latter stages of the excavation, depending on the Poisson's ratio; the bending effects became less significant as the excavation progressed. Asymmetric stress release due to excavation affects the horizontal deformation of mountain and induces a moment that enhanced the backward displacement due to shear distortion of the mountain. The mechanism for the elastic horizontal surface displacement of a cut rock slope formed by excavation can be explained by considering these four effects.
We find that the direction of the surface displacement of the rock slope can change from forward to backward as the excavation progresses, even for a stable rock slope, which is significant in interpreting surface displacement monitoring using APS or GPS. Based on the analysis of the horizontal internal displacement, we find that a stable state of cut rock slope in mountain-type mines corresponds to extension during the early stages of excavation followed by slight contraction. This is important in interpreting the results of internal displacement monitoring using extensometers during excavation.
The results of this work have potential applications in the interpretation of mining-induced deformation of cut rock slopes in mountain-type mines, and the suggestions made here are expected to contribute to the development of assessment methods for the stability of rock slopes.
